The plasma waves in gated two-dimensional electron gas have a linear dispersion law, similar to the sound waves. The transistor channel is acting as a resonator cavity for the plasma waves, which can reach frequencies in the THz range for a sufficiently short gate length field effect transistors. A variety of possible applications of field effect transistor operating as a THz device were suggested. In particular, it was shown that the nonlinear properties of plasma oscillations can be utilized for THz tunable detectors. During the last few years THz detection related to plasma wave instabilities in nanometer size field effect transistors was demonstrated experimentally. In this work we review our recent experimental results on the resonant plasma wave detection at cryogenic and room temperatures.
Terahertz Resonant Detection by Plasma
Waves in Nanometric Transistors 
Introduction
The terahertz (THz) range of frequencies is often referred to as the "terahertz gap", since it lies in between the frequency ranges of electronic and photonic devices and it is hardly achieved from the both sides. Therefore, the development of the THz emitters and detectors is of the high importance. Dyakonov and Shur [1, 2] proposed to use the nonlinear properties of plasma excitations in 2D gated electron gas for terahertz detectors, mixers [3, 4] , and THz radiation sources [5] . The plasma waves in a field effect transistor (FET) have a linear dispersion law [1] , ω = sk where s = e(V g − V th )/m is the plasma wave velocity, V g is the gate voltage, V th is the threshold voltage, e is the electronic charge and m is the electron effective mass. This plasma wave velocity is typically much larger than the electron drift velocity. A short FET channel of a given gate length, L g , acts as a resonant "cavity" for these waves with the eigenfrequencies given by ω N = ω 0(1+2N ) , where N = 1, 2, 3. . . The fundamental plasma frequency is
when ω 0 τ 1, where τ is the momentum relaxation time, the detector response is a smooth function of ω and V g (broad band detector) [6] . When ω 0 τ 1, the FET can operate as a resonant detector. For the submicron gate lengths, the resonant detection frequency f = ω 0 /2π can reach the THz range [1] . In that case the electron flow in the channel may become unstable (at certain boundary conditions) with respect to formation of the resonant plasma oscillations.
In this paper we present the detection of THz radiation by high electron mobility nanometer InGaAs/AlInAs transistors at low temperature. The photovoltaic type of response was observed at the 1.8-3.1 THz frequency range, which is far above the cut-off frequency of the transistors [7] . The resonant response was observed and was found to be tunable by the gate voltage. We also present our experimental results on room temperature tunable THz detection by InGaAs/AlInAs nanotransistors [8] . Indeed, we have demonstrated that the detection of THz radiations by plasma waves might be strongly modified by the application of a dc drain current. We found that driving a transistor into the saturation region enhances the non-resonant detection and can lead to the resonant detection [9] [10] [11] .
Results and discussion
In this first part we present the detection of sub-terahertz and THz radiation by 60 nm gate length InGaAs/AlInAs transistors in the 1.8-3.1 THz frequency range [7] . The experiments were performed in the temperature range from 10 to 80 K with a closed-cycle helium cryostat. The response to the terahertz radiation was measured as a dc voltage on the open drain as a function of gate voltage. The source was grounded.
The results of the photoresponse in the InGaAs/InAlAs transistor exposed to the radiation of 2.5 THz frequency as function of the gate voltage measured at various temperatures are shown in Fig. 1a . Above 100 K only non-resonant detection is observed as a broad band peak. With the decrease in temperature, below 80 K, the additional peak appears as a shoulder on the temperature-independent background of the non-resonant detection. We attribute this behavior to the resonant detection of THz radiation by plasma waves. To support this assumption, we have measured the response at different excitation frequencies of 1.8, 2.5, and 3.1 THz at 10 K. The experimental results are displayed in Fig. 1b . For comparison, we have plotted the estimate of the plasma frequency as a function of gate voltage obtained using Eq. (1.1), shown as a continuous line in Fig. 1c . One can see that with the increase in excitation frequency from 1.8 to 3.1 THz the plasmon resonance moves with the gate voltage, in rough agreement with Eq. (1.1). Nevertheless, the width of the observed resonant peaks was measured to be one decade broader than expected by the theory. This experimental result shows that additional mechanisms of plasma wave damping must be involved. These mechanisms might include effect related to ballistic transport [12] , or oblique plasmons on the gated part of the channel, and/or leaking of the gated plasmons in the ungated part of the channel. In this second part we present the results on the plasma wave related THz detection at room temperature. Recently it has been predicted theoretically that applying a drain-to-source current [9] can lead to room temperature resonant detection of THz radiations. We have demonstrated experimentally that driving a transistor into the saturation region enhances the non-resonant detection and can lead to the resonant detection [8, 10, 11] even if the condition ω 0 τ 1 is not satisfied. The physical reason is that the effective decay rate for plasma oscillations in the condition of hot drifting electrons becomes equal to 1/τ eff = 1/τ − 2v/L g , where v is the electron drift velocity and L g the gate length, and becomes longer when applying current. As ωτ eff becomes on the order of unity, the detection becomes resonant.
The experiments were performed on a 50 nm gate length InGaAs/InAlAs high electron mobility transistor (HEMT). The photoresponse measurements were performed with backward wave oscillator (BWO) source. The photoconductive response versus gate voltage for frequencies from 473 GHz up to 679 GHz is shown in Fig. 2 while keeping constant the source drain voltage of 0.3 V. One can see for the lowest frequency that only typical non-resonant signal is observed. For higher frequencies, after a typical increase in the non-resonant background signal with applied drain current, the resonant structure starts to grow. The main experimental result shown in this part of the letter is that the position of the resonance line shifts with external frequency. According to plasma wave detection theory taking into account the drainto-source current, the frequency of plasma wave oscillations f depends on the gate length L g , the plasma wave velocity s = e(V g − V th )/m and the drift velocity v as [9] [10] [11] : The quantitative interpretation based on these equations allows to get only approximate description of experimental data. In fact, the transistor channel region under the gate cannot be considered as separated from the other parts of the transistor. The transistor consists not only of the gated part but also of the ungated part that is covered by the cap layer. As predicted in [13] , the cap regions significantly affect the plasma oscillation spectrum in HEMTs: the resonant plasma frequencies dramatically decrease with increasing cap region length. In order to take into account the effect of such cap layers, a correction to Eq. (2.1) gives
where L c is the cap layer length (L c = 500 nm). Solid lines in Fig. 3 are calculations using Eq. (2.2) at two different values of electron drift velocity (2 × 10 5 and 3.5 × 10 5 m/s) for each effective threshold voltage used before (i.e. V th = −0.35 V, -0.3 V, and -0.25 V). Filled areas represent drift velocity range which can match the observed frequency dependence as a function of gate voltage. The calculated increases in frequency with gate voltage can now be qualitatively explained. However, we do not understand why cap regions affect the plasma waves only when a current is flowing through the channel. A full quantitative interpretation of our results requires a more complete theoretical development.
Conclusion
In conclusion, we have experimentally shown that the resonant detection of THz electromagnetic waves in InGaAs nanometric HEMTs can be tuneable with gate voltage at cryogenic temperatures. While varying the temperature in the range from 10 to 80 K and the excitation frequency within 1.8-3.1 THz, we have shown that the detection is due to excitation of resonant plasma waves in the transistor channel. We have also shown that the THz detection by plasma waves can be resonant and voltage tuneable even at room temperature by applying a drain-to-source voltage in InGaAs nanometric HEMT's channel. We have also shown that, in these conditions, the cap layer regions significantly affect the plasma oscillation spectrum in HEMTs.
